The rate of production of new aircraft, as well as the availability of funds to purchase them, are limited. As a consequence of these two factors, only a small percentage of the many thousands of aging aircraft in existence today (both civilian and military), will be replaced by new aircraft in the foreseeable future. Because replacement is not an option in many cases, the only practical way to maintain operations is to extend the useful service lifetimes of these aircraft by means of proper maintenance, repairs and upgrades [1]. An important component of proper maintenance is periodic inspection for subsurface corrosion and fatigue cracking in airframes.
Conventional magneto-optic/eddy current imaging of aluminum airframe components is another NDI technology that promises to be useful in detecting subsurface corrosion and cracking [3] [4] [5] [6] . The conventional magneto-optic/eddy current imager (MOl) is an approved, widely used [7] [8] [9] [10] [11] , and cost-effective NDI instrument [12] , which produces excellent realtime images of surface-breaking fatigue cracks [4, 5] . In many cases, the MOl also provides excel1ent images of subsurface corrosion and fatigue cracks [3, 6] . The conventional MOl is currently being considered for third-layer (under a doubler) lap-splice crack inspections on the Boeing 737-200 and some corrosion inspections. Probability of detection (POD) studies for subsurface defects, using the conventional MOl on corrosion test panels and 737-200 test panels, are currently underway at the Aging Aircraft Nondestructive Inspection Validation Center (AANC) near Albuquerque, New Mexico [13] .
In the present work, Physical Research, Inc. (PRi) explored ways to improve the conventional MOl for the purpose of further improving images of subsurface corrosion and cracking [3] . Because the conventional MOl employs unidirectional sheet-type eddy current excitation, and because eddy currents are forced to flow around a corroded area, MOl images of subsurface corrosion are "split" along the direction of induced eddy currents. This circumstance can sometimes lead to difficulties in interpreting MOl images. However, there is nothing in the MOl technique that forces us to accept this limitation as a matter of principle. As demonstrated in the following there are potential improvements that can completely eliminate this problem.
In this paper, we present images produced by an experimental laboratory MOl featuring relatively high-current, low frequency (1.3-20 Khz), multidirectional (rotating) sheet-type eddy current excitation [3] [4] [5] . This capability completely eliminates the aforementioned "split" images. The experimental MOl also features a microprocessorcontrol1ed, hand-held imager that allows the "sensitivity" (magneto-optic sensor bias) and eddy current parameters (frequency, current level and current direction) to be controlled by a single operator using push buttons. Improved low-frequency MOl images of subsurface corrosion, cracks and airframe substructure are illustrated. Plans for incorporating these improvements in a commercially available MOl are briefly discussed.
Magneto-Optic/Eddy Current Imaging
Magneto-optic/eddy current imaging technology is based on eddy current excitation, but relies on an advanced method of extracting defect information using a magneto-optic sensor exhibiting the Faraday magneto-optic effect. The sensor is used to form real-time eddy current images of corrosion and subsurface cracks [4, 5] . This new technology allows an inspector to rapidly visualize flaws over the entire area of the magneto-optic sensor, which can be up to six square inches, and can have shapes ranging from circular to rectangular. Using low-cost CCD cameras and recording equipment, flaw image data can be easily recorded for future analysis (e.g., imaging processing) or comparison with results from other kinds of inspections.
The magneto-optic sensors used by PRi consist of a thin film of bismuth-doped iron garnet (Bi,Tm)3(Fe,Oa)5012 grown on a 3-inch diameter, 0.020 inch-thick substrate of gadolinium gallium garnet (000) [14] [15] [16] . These films exhibit three physical properties that are crucial for a practical magneto-optic/eddy current imaging instrument. First, they exhibit an important property called magnetic anisotropy, that is, they have an easy axis of magnetization normal to the sensor surface. Second, if the magnetic fields along the easy axis of magnetization are removed, the magneto-optic film will retain most of its established magnetization, i.e., it has a "memory." Third, these films possess a very large specific Faraday rotation, Sf, up to 30,000 degrees'fcm of thickness.
If normally-incident linearly-polarized light is transmitted through such a magnetooptic sensor, the plane of polarization of the light will be rotated by an angle called the Fara~y rotation given by S ex Sf k . M, where k is the wave vector of the incident light, and M is the local time-dependent magnetization (a vector) of the film at the point or region where light is transmitted. Note that M is always directed, "up" or "down," along the easy axis of magnetization. Because the angle between k and M completely determines the sign of the scalar prod~ct k • M, the sense of the Faradat.rotation (relative to M) for a given state of magnetization M does not depend on the sign of k, Le., it does not depend on the direction the light is being propagated through the sensor. Thus, the Faraday rotation relative to M will be doubled if the light is first transmitted through, and then reflected back though the sensor again, thereby enhancing sensitivity and contrast.
By properly viewing this reflected light through an analyzer, the local state of magnetization of any region in the sensor can be seen as a high-contrast dark or light area depending only on the direction of the magnetization M and the setting of the analyzer. This is the basic property that allows the sensor to create images of the normal-component magnetic fields associated with eddy currents. Figure 1 is an illustration of the basic reflection-mode magneto-optic/eddy current imaging instrument. Note that the eddy currents are produced by a current-carrying copper foil, which lies between the sensor and the test sample as shown in the figure.
The MOl operates in two modes. It can image either static magnetic fields (e.g., flux "leakage" fields of the type encountered on steel) or it can image dynamic (time varying) magnetic fields of the type associated with eddy currents in a conductor such as aluminum. In the former case, the eddy current excitation is turned off and in the latter case it is enabled.
Linear Sheet Current Excitation
To inspect an electrical conductor such as aluminum with the conventional MOl, linear sheet-current induction is employed. Faraday's law of electromagnetic induction in differential form [17] , namely V x E = -llc oBlot, shows that a time-varying magnetic field B (produced b1. a linear sheet-current in the copper foil of F~re 11 induces a time-varying electric field, E, and thus a time varying conduction current J = uE, in a nearby conductor (e.g., an aluminum air frame). By Lenz's law, these source-free induced currents, or eddy currents, as they are sometimes called, are always opposed in direction to the external currents (in the copper foil).
LAP JOINT
• INDUCTION FOIL Figure 1 . This figure illustrates the important components of the magneto-optic/eddy current imager. The magneto-optic sensor is illuminated by linearly polarized light, which passes through the sensor and is subsequently reflected back through the sensor. Images may be observed using an analyzer, either directly by eye, or indirectly using a CCD camera.
Rotating Sheet Current Excitation
PRi has constructed a number of experimental sheet-current induction devices in which spatially orthogonal (and in quadrature) potential differences are established in a copper induction foil similar to the copper foil illustrated in Figure 1 . In this case, currents in the copper foil rotate and these currents induce rotating eddy current excitation in the part being inspected [4, 5] . In general, rotating eddy currents improve MOl images as described and illustrated in Section 3.0.
BRIEF DESCRIPTION OF THE EXPERIMENTAL SYSTEM
A laboratory test-bed MOl featuring high-current, low-frequency (1.3 Khz -20 Khz) sine-wave excitation was designed and constructed. The objective was to push the limits of the MOl technology in an effort to improve the detection of subsurface corrosion and cracking. The laboratory test-bed MOl demonstrated that improved MOl images (Le., better defined, higher-contrast images) can be produced for both surface and subsurface defects such as subsurface corrosion and cracking. This was accomplished by the following modifications to the conventional MOl technology: 1) Low frequency induction-foil/transformers with provision for high-current multi-directional eddy current excitation. This combination allows for deeper effective penetration of eddy currents resulting in stronger magnetic fields and more complete and better defined flaw images. 2) Electromagnetic shielding near the base of the hand-held imager was provided for improving the induction-foil transformer efficiency. This innovation increases eddy current densities (at a given power setting), which permits corrosion and subsurface cracks to be imaged at greater depths, and at higher frequencies, than would normally be the case. Moreover, such MOl images exhibit higher resolution and thus are easier to interpret than lower resolution MOl images made at lower frequencies. 3) Push-buttons (and digital control) were provided on the hand-held imager for remote control of the sensor bias (image level), eddy current frequency, power level and current direction, thereby facilitating single-inspector operation of the MOL
EXPERIMENTAL RESULTS
Increasing eddy current densities and employing rotating sheet-current induction, has yielded striking improvements in MOl images. Dramatic examples of how MOl images can be improved are illustrated in Figures 2 through 4 where MOl images of substructure, simulated corrosion and real subsurface cracks, respectively, are illustrated for both linear and rotating eddy current excitation. Figures 5 and 6 illustrate other images in which only rotating eddy current excitation was used.
CONCLUSIONS AND FUTURE PLANS FOR COMMERCIALIZA nON
In this paper, we presented MOl images produced by an experimental laboratory testbed system that features relatively high-current, low frequency (1.3-20 Khz), rotating sheettype eddy current excitation [4] [5] . This capability completely eliminates "split" images of subsurface corrosion that characterize conventional MOl images. The experimental MOl also features a microprocessor-controlled, hand-held imager that allows the "sensitivity" (magnetooptic sensor bias) and eddy current parameters (frequency, current level and current direction) to be controlled by a single operator using push-buttons. Improved low-frequency MOl images of subsurface corrosion, cracks and airframe substructure produced by this experimental system were illustrated. Plans for incorporating these improvements in a commercially available system are currently being pursued under a Small Business Innovation Research (SBIR) contract jointly sponsored by the Department of Transportation (Federal Aviation Administration)) and NASA. Figure 3 . MOl images of a one-inch diameter machined spherical-cap type corrosion "dome" that extends approximately 80% of the way through an aluminum plate 0.060 inches thick. The eddy current frequency was 10 Khz. In a) the eddy current excitation was linear (updown) and in b) it was rotating. In a) the MOl image of the dome is "split" along the current direction, i.e., the circumference of the MOl image of the dome is broken. An untrained observer might think that the two dark areas in such split images correspond to two different objects when, in fact, only a single object (the dome) is actually present. In b) such interpretation errors are completely eliminated by employing rotating eddy current excitation instead of linear eddy current excitation. In this case, the full circumference of the dome is visible. The third layer is located behind a first layer and a doubler as illustrated. All layers were 0.040 inches thick. An MOl image of the third-layer angled EDM notch located on the far left in a) is illustrated in b). The eddy current frequency was 10 Khz. Note that this thirdlayer EDM notch is easily detected. Because of the proximity of the surface "step" illustrated in a), eddy currents flow preferentially parallel to the step. For this reason, such third-layer notches can be imaged with the conventional MOl just as well as they can be imaged with the experimental MOl employing rotating eddy current excitation.
